The objective of this study was to investigate the dissolution rate of ThO 2 which was synthesised to approximate, as closely as possible, the microstructure of UO 2 in a nuclear fuel matrix. The optimal sintering temperature for ThO 2 pellets was found to be 1750 ∘ C, which produced pellets with a microstructure similar to UO 2 nuclear fuel pellets, with randomly oriented grains ranging in size from 10 to 30 μm. Dissolution was conducted using ThO 2 particles of different size fractions (80 to 160 μm and 2 to 4 mm)
Introduction
Thorium dioxide (ThO 2 ) is isostructural to UO 2 , sharing the same fluorite-type structure (space group Fm3m), making it a useful structural analogue for spent nuclear fuel, which is predominantly composed of UO 2 (> 95%). However, unlike U (IV) O 2 , Th (IV) O 2 is not redox active since Th has only one prevailing oxidation state, +4 [1] .
The next generation applications of nuclear energy have shown interest towards thorium [2] . As a fuel, thorium has many beneficial properties, such as high fusion temperature, good sintering capability, resistance against radiation damage, greater abundance in the Earth's crust compared to U, and the possibility for transmutation [2] . The preferred option worldwide for the long-term disposal of spent nuclear fuel, and potentially future Thbased nuclear fuels, is disposal in a deep geological disposal facility, several hundreds of metres below ground [3, 4] . In this environment, the release of Th and other radionuclides to the geo-and bio-spheres will be controlled by the dissolution of the fuel by groundwater. Hence it is necessary to understand the dissolution behaviour of the fuel and the solubility of radionuclides in groundwater.
In the literature, the solubility values for ThO 2 , and also the hydrolysis constants of thorium, show great discrepancies e.g. Vandenborre et al. 2008 Neck and Kim, 2001 . The main reasons for these differences include: the tendency of Th to undergo polynucleation and colloid formation, its strong absorption to surfaces, and the low solubility of Th(IV) hydroxide and hydrous oxide. The presence of complexing ligands like CO 2− 3 [8] has also been shown to increase the solubility of ThO 2 . These characteristics of thorium together with the relatively low solubility of ThO 2 (cr) make solubility studies of ThO 2 challenging.
The solubility product values have been observed to vary between ThO 2 (microcryst.) (log ∘ sp = −53±0.5) and Th(OH) 4 (am) (log ∘ sp = −46.7±0.9) [9] [10] [11] depending on the crystallinity and crystallite size of the Th(IV) oxide and hydroxide or oxyhydroxide phase. The predicted value, ac-cording to the Equation of Schindler [12] and experimental data for ThO 2 (cr) is log ∘ sp = −54.2 ± 1.1 [9] . In addition to crystallinity, surface phenomena have been discussed as a possible factor affecting the solubility properties. Vanderborre et al. 2010 [6] combined investigation of solid surfaces with leaching experiments, and isotopic exchange methods to understand the discrepancy in solubility values and to describe the reversibility in the exchange mechanism. They observed that the dissolution mainly occurred at grain boundaries and showed variation between different sites, indicating "local solubility" effects. In addition, the usage of 229 Th spiking revealed dynamic dissolution/precipitation reactions on the solid/solution interface.
Many solubility studies have been conducted with amorphous phases of ThO 2 [13] [14] [15] [16] [17] because its solubility, compared to well-crystalline ThO 2 , simplifies the analysis of Th in liquid phase. Crystalline phases of ThO 2 have also been studied [18, 19] . Hubert et al. [18] observed the effect of surface properties on the leachibility of solid ThO 2 . Factors including specific surface area, surface state and size of aggregates were found to have influence on the apparent solubility. However, when the leaching rate was normalized to surface area, it seemed to be independent of the surface characteristics. The aims of this study were to prepare crystalline ThO 2 pellets having a microstucture similar to that of spent UO 2 nuclear fuel pellets and to conduct dissolution experiments, in order to further evalauate the relative solubility of ThO 2 phases. We report the initial release rate of Th during the first 20 to 40 days of dissolution. Solubility studies were extended to 100 to 120 days to gain a thorough understanding of the solubility limit of different ThO 2 phases.
The first experiment series in the solubility and dissolution rate studies was conducted with 2 to 4 mm particles in 0.1 M NaCl and 0.01 M NaCl with 2 mM NaHCO 3 solutions under atmospheric conditions. The second experiment series was conducted with two particle sizes, 60 to 180 μm and 2 to 4 mm, in 0. 
Fragmentation of the pellets
ThO 2 pellets were crushed using a percussion mortar. Particles between 2 and 4 mm were selected with tweezers and washed in isopropanol and ethanol, followed by gravitational settling to remove adhering fine fragments.
For the smaller particle size (80-160 μm), intact pellets of ThO 2 (∼ 20 g) were fragmented using the electrodynamic fragmentation method [22, 23] . The principles of the method can be briefly described, as follows: electrical energy in the form of repeated high voltage pulses is applied to the samples immersed in a dielectric process liquid. Dielectric liquids, like water, have a high dielectric strength, when the voltage rise time is kept below 500 ns. As such, the discharges are forced to occur through the immersed material. Plasma channels and explosions were generated inside the pellets and the resulting shockwaves produced fracturing and physical breakdown.
Fragmentation was conducted using a batch scale selFrag instrument available at the Research Laboratory of the Geological Survey of Finland. Approximately 20 g of ThO 2 pellets were subjected to a two stage treatment. The process liquid used was regular tap water. After the first fragmentation the sample was classified using 0.2 mm net sieve, and the remaining oversized fraction (ca. 14 g) was re-fragmented. The process parameters used for both the first and second fragmentation procedure were: number of pulses 400, e-gap 10 mm, freq. 3 and voltage 120-140 kV.
The fragmented material was washed using tap water and any iron contamination from the electrode was removed using hand magnets. The final product for use in dissolution experiments was sieved to a particle size fraction of 80 to 160 μm.
Dissolution experiments
The first experiment series of solubility and dissolution rate studies were conducted with 2 to 4 mm particles in 0.1 M NaCl and 0.01 M NaCl with 2 mM NaHCO 3 solutions under atmospheric conditions (solutions were prepared from suprapure (99.99%, Merck) NaCl and NaHCO 3 (ACS, Reag.Ph Eur, Merck KGaA) in MilliQ-water). Experiments were conducted in triplicate at room temperature 
Characterization of leached ThO 2 surfaces with SEM
The ThO 2 particles were subjected to leaching experiments in acidic conditions and at elevated temperatures in order to monitor the evolution of surface morphology during dissolution. For detailed characterisation of the pellet morphology during dissolution, see Corkhill et al. [29] . Surface characterisation was performed on particles in the 80 to 160 μm size fraction after immersion in a 1 M HNO 3 (∼ pH 1) solution at 80 ∘ C for 2 and 4 weeks under Ar atmosphere. Prior to heating, the reaction vessels were placed in a sealed steel container under Ar atmosphere of the glove box to maintain argon atmosphere. Surfaces of ThO 2 subject to this treatment were studied with SEM (JEOL JSM-900LV with Oxford Instruments) using an accelerating voltage of 20 kV and beam size of 10 μm. Figure 1 shows the X-ray diffraction analysis of ThO 2 power, confirming the purity of the starting material. The characteristics for a suitable UO 2 fuel analogue include a grain size on the order of 8-15 μm, a sintered density of > 95.5% theoretical density, and randomly orientated grains. The sintering temperature was varied in order to determine the optimal sintering conditions to create such characteristics. Figure 2 shows the densities of the sintered pellets (defined as the % of the theoretical density,
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g/cm
3 ) as a function of sintering temperature.
The density of the pellets increased with increasing sintering temperature up to 1750 ∘ C ( Figure 2) ; this temperature gave a density of 93% of the theoretical density, which is slightly below optimal for a UO 2 analogue. Heating at higher temperatures caused a loss of pellet integrity, therefore 1750 ∘ C was the highest sintering temperature evaluated. The increase in density with increasing sintering temperature is consistent with decreasing porosity and increasing grain size, as shown by optical microscope images in Figure 3 . The grain size was found to increase from 2-10 μm at 1650 ∘ C to 10-30 μm at 1750 ∘ C (Table 1) . Sintering at 1750 ∘ C was, therefore, found to give the optimum grain size and density achievable. EBSD analysis was performed to determine grain size and crystallographic orientation. The average grain size was found to be 13 μm (based upon analysis of > 10 000 grains). Figure 4 shows that synthesis at 1750 ∘ C produced grains that were randomly orientated in the ⟨111⟩, ⟨100⟩ and ⟨101⟩ crystal planes. 
Particle characteristics after selFrag HV pulsing
Fragmentation of the ThO 2 pellets produced randomly shaped ThO 2 particles, as confirmed by optical and electron microscopy ( Figures 5 and 6 ). Similar randomly broken grains typically result from applying conventional comminution techniques e.g. grinding. However, adhered fines, normally seen in SEM images showing products from conventional comminution, were not observed, due to the pulse fragmentation procedure. Adhered-particle free surfaces can be regarded as ideal samples for the dissolution experiments undertaken in this study. The particles exhibited two main textures: those with a grain boundary texture and those without, as shown in Figure 6 . Grain boundaries were formed in these particles through two processes. Firstly, prior to fragmentation, surfaces of the original pellets developed a grain boundary texture through high temperature annealing. It may also be possible that such surfaces originate from the pulse fragmentation process, which forces liquid through grain boundaries to break the particles apart, leaving behind several surfaces with a grain boundary texture. Figure 7 shows the dissolution data for ThO 2 particles (2-4 mm) leached in air in 0.1 M NaCl or in 0.01 M NaCl with 2 mM NaHCO 3 . In the solution containing carbonate (Fig. 7a) , a maximum concentration of Th of Pole figures show the random orientation of the grains in the ⟨111⟩, ⟨100⟩ and ⟨101⟩ crystal planes. , an order of magnitude less than that in the carbonate-containing solution. In the oxic conditions utilised in these experiments (which were conducted in air), dissolved carbon dioxide from the atmosphere may have had a slight solubility increasing effect in the bi-carbonate-free solution. The increasing effect of carbonate complexation on the solubility of thorium in each of the applied experimental conditions was previously evaluated by geochemical modelling (PHREEQC) [30] . A second set of experiments was therefore conducted under inert Ar atmosphere, to exclude such effects.
Dissolution experiments
ThO 2 dissolution under atmospheric conditions
ThO 2 dissolution in anaerobic conditions
The dissolution data resulting from the leaching of 80 to 160 μm and 2-4 mm particles of ThO 2 in 0.1 M NaCl E. Myllykylä et al., Solution and particle size effects on ThO 2 dissolution | 571 In the experiments with size fraction 2 to 4 mm, the maximum concentrations of Th were reached after 23 days of dissolution (3 × 10 −9 mol/L and 7.4 × 10 −10 mol/L for non-filtered and ultrafiltered samples, respectively) (Figure 8c and 8d ). This suggests that dissolution and precipitation/sorption kinetics are also slower in these samples, which is likely related to the lower surface area resulting from the larger particle size; the saturation limit is reached more slowly because there is less surface area available for sorption and precipitation of secondary Th compounds.
The initial pH of the 2-4 mm ThO 2 dissolution experiments was found to decrease rapidly from pH 8 to between pH 5 and pH 6, where it remained for the duration of the experiment. This unexpected result is likely due to the leaching of H + from incompletely rinsed reaction vessels.
Parallel, ultrafiltered experiments conducted for the 2-4 mm particle size (designated A and B, Figure 8d) showed considerable variation in concentration, by almost one order of magnitude. This may be due to the influence of pH in the test solutions; experiment A had a pH value of 4.8, while experiment B gave a pH value of 5.3. At the conclusion of the experiment, the Th concentrations were 7 × 10 −12 mol/L (experiment A, pH 4.8) and 3 × 10 −10 mol/L (experiment B, pH 5.3). While the difference in pH was only small, these observations confirm the fact that the solubility of ThO 2 is highly dependent on the H + activity in the solution [9] [10] [11] .
ThO 2 dissolution as a function of particle size
To investigate further the influence of particle size on the dissolution of ThO 2 , experiments were conducted in 0.01 M HNO 3 , where dissolved Th concentrations far ex- The final concentration of Th was ∼ 5 × 10 −8 mol/L after 90 days, which was slightly higher than the final concentration arising from the smaller particle size (∼ 3 × 10 −8 mol/L) (Figure 8e-f ). This suggests that particles with a greater surface area (e.g. 80-160 μm size fraction) reach lower maximum concentrations than particles with lower surface area (e.g. 2-4 mm particles) a result of more surface sites available for sorption of secondary precipitates. Such precipitates attenuate further dissolution of the surface. A similar effect was observed for particles subject Table 2 . (Symbols A and B (E and F) in legend boxes refer to the parallel experiments). Figure 7B to dissolution in 0.1 M NaCl (described above). However, unlike the dissolution experiments conducted in 0.1 M NaCl, where dissolution rates were clearly affected by filtration and hence, the presence of colloidal species, the evolution of Th concentration in 0.01 M HNO 3 was independent of the sampling method; the concentrations of the ultrafiltered samples were very similar to the nonfiltered ones. This indicates that secondary phases or colloids did not play a significant role in these experiments. One possible explanation may be effects arising from high energy sites on the surface, for example grain boundaries (shown in Figure 6 ). The larger particles comprise surfaces with more grains than the smaller particles, therefore they have a greater number of grain boundaries. In a recent study [29] it was found that grain boundaries of ThO 2 and CeO 2 analogues for UO 2 fuel dissolved very rapidly in 0.01 M HNO 3 . Therefore, the higher maximum concentrations found for the large particles may be due to dissolution of grain boundaries
Dissolution rates of ThO 2
The initial dissolution rates of ThO 2 under the experimental conditions investigated were calculated from the evolution of Th concentration during the period of release of Th into solution, which took between 5 to 30 days, depending on the liquid phase in question. Calculated rates were obtained from linear regression of these data, and are given in Table 2 . The results clearly show the pH dependence of the dissolution rate and the increasing effects of carbonate concentration and particle size. The dissolution rates were found to be greatest at low pH and in the presence of carbonate. Small differences were also observed between parallel experiments and in the comparison between results calculated from non-filtered and ultrafiltered samplings.
The presence of carbonates is known to increase the solubility of ThO 2 , which can have a significant effect on the behaviour of Th(IV) in natural groundwaters. One order of magnitude increase in [CO [31, 32] . Considerably higher Th(IV) solubility in the Th(IV)-H 2 O-CO 2− 3 system, indicated the presence of highly charged pentacarbonate species [31] . Using thermodynamic modelling, Kim et al. [8] reported ternary complexes such as Th(OH) 3 CO
2− , which are the most probable predominant aqueous Th(IV) species under many natural conditions [8] .
At high pH close to pH 11.2, the higher concentration of OH − ions has been found to enhance the formation of Th(OH) 4 , and thus decrease the proportion of carbonate complexes in solution. Therefore, the measured solubility of Th(IV) in alkaline solutions is very close to the solubility in carbonate-free solutions [8] . 
Solubility of ThO 2
The solubility levels at the end of the experiments were compared with the equilibrium data of ThO 2 and Th(OH) 4 , which were taken from the Thermochimie database [NEA/TDB] ( Figure 9 ). It should be noted that, for example, in the experiment with 2 to 4 mm particles in 0.1 M NaCl under Ar, there was still some decrease in Th concentration at the end of the 90 days experiment. Thus, the solubility level had probably not been stabilized to a steady state during the experiments. The solubilities measured at pH 2 were at a lower level than would be expected from the thermodynamics. Similar observations have been made by Neck et al. [11] . In their undersaturation dissolution experiments, conducted also with crystalline ThO 2 in acidic conditions, the solubilities stayed below the theoretical solubility of ThO 2 . In their experiments they also showed that the value of the solubility product was dependent on the crystallite size. In this study, the solubility values at a pH range of 4 to 8 can be plotted between the theoretical solubilities of crystalline 
SEM imaging of leached ThO 2 surfaces
The SEM images of the HNO 3 leached ThO 2 particles revealed that the nature of the dissolution/precipitation phenomenon varied among the particles present in same solution. Some particles did not appear different from the fresh and unreacted particles (see Figures 10a and 6 , respectively). However, in a single particle, some surfaces showed textures indicative of grain boundary dissolution (Figure 10b-d) , while others appeared to host a "blanket" of secondary phases precipitated from solution. In the former, grain rounding and widening of the grain boundaries was observed (Figure 10b ). These results are in agreement with Corkhill et al. [29] who found that during dissolution in 0.01 M HNO 3 , grain boundaries of ThO 2 and CeO 2 analogues for UO 2 fuel dissolved rapidly, giving rise to enhanced initial dissolution rates. Furthermore, they found that surfaces with a grain boundary texture (like those shown in Figure 10a ) dissolved at much less rapid rate than surfaces with no grain boundaries, such as those that would be found on the surface of a sintered pellet. This may be the cause of the different particle morphologies described in the current investigation.
Conclusions
ThO 2 pellets were synthesised to resemble the microstructure of the UO 2 matrix of nuclear fuel pellets. The pellets sintered at 1750 ∘ C had randomly oriented crystals and a grain size ranging from 10 to 30 μm. a fresh one, (B) a particle showing deeper dissolution, which has deformed the grain boundaries and formed some cavities into the ThO 2 particle. C and D are taken from this particle, which showed both areas of dissolution and no reaction.
Dissolution experiments were performed to study the effect of carbonate complexation on these ThO 2 samples. It was observed that the solubility and dissolution of ThO 2 increased in the presence of carbonate. The solubilities and dissolution rates of ThO 2 were also dependent on the H + activity of the solution. The acidic conditions were found to increase the solubility compared to near-neutral and basic conditions, in which sparingly soluble hydrolysed species of Th were the dissolutioncontrolling factor. In these experiments the concentration Particle size was also found to have an effect on the solubility. The smaller particles with greater surface area seem to have enhancing effect on initial dissolution, and sorption/precipitation reactions. In agreement with recent results [29] , it is hypothesized that high energy surface sites may play a role in the relatively rapid initial release of Th observed here. The results of the surface analyses indicated that the initial surface condition may also have some effect on the dissolution processes, with grain boundaries likely playing an important role.
